Experiments testing Bell’s inequality with local real source 
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In the 80th year since EPR paradox was proposed, 3 loophole free violation of Bell’s inequality 
were presented in attempts to conclusively rule out local realism. But when the setup and the 
collected data in these reports are examined along with a) the physics concept of entanglement and 
b) precise interpretation of experiments, it shows that these tests were only performed on local real 
systems. Furthermore, neither locality nor fair sampling loophole was properly closed, not even 
individually. This analysis examines the wave function in various parts of the experiments, which 
sheds light on what actually happens in the experiments. 
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Boll’s inequality[l, 2] /entanglement has been exten- 
sively studied [3-5] as it distinguishes quantum mechan- 
ics(QM) from local real theories. In a typical setup in 
testing Bell’s inequality, entangled particle pairs are mea- 
sured by Alice and Bob respectively, and the correlation 
of the outcome are computed subsequently. Various ex- 
periments have been reported to violate Bell’s inequality, 
in support of QM while ruling out local real theory. 

But in addition to Bell’s inequality, QM and local real 
theory have other aspects which are expected to be con- 
sistent with a valid experiment. In particular, one can 
examine the physics concept of entanglement and precise 
interpretation of the experiments. It is shown that 1) 
In a reported loophole-free violation of Bell inequality, 
the transition of wave function from odd parity to even 
parity reveals that the experiment is performed on the 
spin of a pair of local real nitrogen vacancy (NV) cen- 
tre. 2) The equivalence between rotating spin by 0 and 
rotating measurement basis by —0 is not applicable in en- 
tanglement case, thus in many long range experiments for 
closing locality loophole, the operations of rotating the 
spin followed by measurement introduce extra transition 
of wave function, therefore the subsequent measurements 
in these experiments are only taken on local real parti- 
cles. 3) Fair sampling assumption arises when a finite 
sample is used to represent the entire population space, 
thus it is a basic requirement of statistical experiment, 
fair sampling loophole can not be closed. 

Originally identified in EPR paradox [6], the physical 
concept of entanglement is specified with certainty that, 
for 2 entities once in interaction and later separated, im- 
pact on one entity will instantaneously change the other 
entity. The opposite concept, the local real model is that 
for 2 entities not in interaction, each can be changed inde- 
pendently without interfering with the other. Which one 
of these 2 mutually exclusive concepts properly describes 
the nature is the subject of extensive studies, including 
the derivation of Bell’s inequality. 

Aside from the obvious difference between the 2 physics 
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concepts, there is also subtlety requiring precise interpre- 
tation. Due to relative motion, rotating the spin by 0 is 
considered equivalent to rotating the measurement basis 
by —6. However, such equivalence is only valid in a local 
real model, where the impact of rotating a particle’s spin 
is limited to the particle itself. In an entanglement case, 
rotating the particle’s spin on the left side is supposed 
to 1) change the relative angle with respect to the mea- 
surement device on the left, 2) cause the entangled peer 
rotating its spin on the right. Thus in a presumed entan- 
glement scenario, it is critical to precisely differentiate 
between a) rotating spin by 0 and b) rotating measure- 
ment basis by —9. 

In the reported loophole-free violation of Bell inequal- 
ity [7] , the event ready theme only prepares entanglement 
in odd parity, in specific, |f p~) = (|tl) — \\.\))/y/2. So the 
prepared spin entanglement can only have correlation in 
t/- and 4_f in +Z+Z & -Z-Z projection. 

But [7] also reports correlations in ft and 1/ in +Z-Z 
& -Z+Z projection, as shown in Figure 3c therein. Ac- 
cording to [7], “Readout in a rotated basis is achieved by 
first rotating the spin followed by readout along Z.” i.e. 
Rather than rotating a measurement device, the actual 
operation of rotating the basis in [7] is to apply a mi- 
crowave pulse to the NV centre to change the inherent 
state of the spin. As pointed out before, in an entangle- 
ment case, rotating spin by 9 is different from rotating 
measurement basis by — 9 . Thus more precisely, data in 
-Z projection is read out in Z projection after rotating 
the spin by 7r, and the reported outcome in +Z-Z & - 
Z+Z projection in [7] is actually result in +Z+Z & -Z-Z 
projection after rotating spin by it on one side. 

Therefore, data in [7] sets up a situation to test the 
physics concept of entanglement/local real model di- 
rectly. For the 2 cases in Figure 3c of [7], a) the up- 
per left diagram shows the correlation in +Z+Z & -Z-Z 
projection, with wave function in odd parity 

l*o> = ^(in)-i+t» (i) 

b) the lower left diagram shows the correlation in +Z-Z & 
-Z+Z projection, which, in precise interpretation, trans- 
lates to data in +Z+Z & -Z-Z projection after rotating 
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spin by 7r on one side, with wave function in even parity 

I*1> = - IU)) (2) 

Transition from |\I>o) to Id'i) requires a change of spin 
state by 7r on exactly one side, which agrees with the 
experimental operation of readout in +Z+Z & -Z-Z pro- 
jection after rotating spin by 7 r on one side. Observation 
of such transition shows that the spin on one side can be 
changed independently without impact on the other side, 
which is essentially a characteristics of local real model. 

Although the widely held view is that only measure- 
ment on one of an entangled pair can change the other 
party, and rotating the spin of NV centre may not be 
considered a measurement, it needs to emphasize that in 
the experiment of [7], rotating the spin of NV centre has 
measurable impact as manifested by the wave function 
transition from |^o) to |'I'i). Such change on one NV 
centre is supposed to have impact on the other if they 
are entangled. But as the transition from |^ 0 ) to | 'Iq ) 
indicates, rotating spin by ir on one side does not change 
the other side, it is a clear signature of local real model. 

More generally, many experiments attempt to close the 
locality loophole by changing the measurement basis fast. 
These experiments [7-9] rely on the idea of relative mo- 
tion, assuming rotating spin by 9 as equivalent to rotating 
measurement basis by —9. However, as shown before, 
such equivalence assumption is only valid in local real 
model. In addition, rotating the spin and measurement 
are indeed two distinct steps (e.g. in the space-time anal- 
ysis - Figure 2 of [7], rotating the spin and measurement 
are 2 events). Thus in the precise description of these 
entanglement experiments, the spin of the particle is be- 
ing changed by local real spin-rotating apparatus before 
actual measurement (rather than a single shot measure- 
ment with changing basis). 

The operations of rotating spin followed by measure- 
ment introduce certain impact on the wave function. To 
determine the wave function on which Alice and Bob per- 
form measurement, one can examine the transition of the 
wave function prior to the actual measurement, i.e. dur- 
ing the interaction with local real spin-rotating appara- 
tus. If the wave function begins in entanglement, 

I ^original = ^|(ltl) ~ lit)) (3) 

after interaction with the local real apparatus designed to 
change the particle state on both sides, the wave function 
must be different than (3) to reflect the change of spin 
due to the interactions. To meet the condition of free will, 
the interactions are arbitrarily configured by a controlling 
random signal, thus the wave function after interaction 
will contain all possible joint states, and becomes 

I rotated = HD + lit) + lit) + III) (4) 

the transition of wave function from |'F) or . igina; to 
rotated, happens during interaction with spin rotating 


apparatus, before measurement. The result wave func- 
tion 14 ') ro tated i n disentanglement, subsequently, Alice 

and Bob are only measuring disentangled particles. 

W rotated on ly ar i ses i n the operations of rotating spin 
followed by measurement. On the other hand, in a sin- 
gle shot measurement where the basis (rather than the 
spin) is rotated, there is no transition of wave function 
from \V) original to \^) rotated and the measurement is per- 
formed on the entanglement \^) original - Therefore, to 
close the locality loophole, an experiment shall imple- 
ment single shot measurement with actual changing ba- 
sis. For experiments assuming the equivalence of relative 
motion, operations of rotating spin followed by measure- 
ment only destroy entanglement before the measurement. 

For another widely studied loophole, the one of fair 
sampling, many experiments attempt to close the issue 
by improving detector efficiency [7 -9]. However, a precise 
understanding of fair sampling is still missing in the study 
of entanglement, and existing claims are inappropriate. 

In fact, the fundamental principle of statistical exper- 
iment is to study the population through experimental 
samples, fair sampling assumption arises when finite ex- 
perimental sample is used to represent the entire popu- 
lation. In theory, all inequalities must deal with some 
population parameters (e.g. probability p ++ , correlation 
C), whereas in experiment, all tests can only collect raw 
count of events (e.g. N ++ ,N ). 

Normally the population parameters in an inequality 
are estimated as statistics derived from the raw counts 
collected in an experiment, e.g. 

- = N++ 

P++ N++ + AL_ + N + _ + IV_ + 

d _ N ++ +N__-N + _-N_ + 

N++ + N — + Ah| — + 7V_+ 1 J 

the statistics are then used in place of corresponding pop- 
ulation parameters in testing certain inequality, e.g. 

P++ P++ 

C^C (6) 

by definition, p ++ is the probability of event +- 1- in the 
entire population space, whereas p++ is the occurrence 
ratio of event ++ in a set of sample events from one 
particular experiment run. Since any set of experimental 
sample event is only a subset of the population space, the 
replacement (6) is using a subset to represent the entire 
population space. 

Due to the infinite population space, a statistical ex- 
periment can not exhaust the entire population space, 
only finite samples of the population space are obtained. 
Thus when the finite sample is used to represent the pop- 
ulation space in (6), one necessary assumption is that 
p++ derived from a finite set of sample events (i.e. a 
subset of entire population space) does properly repre- 
sent p ++ of the entire population space, or alternatively, 
the sampling is fair. 



3 


As fair sampling assumption arises when a subset is 
used to represent the entire population space, it is in- 
dependent of the detection efficiency in an experiment. 
Even if the detector efficiency is 100%, the collected ex- 
perimental data set is still a subset of the population 
space, and fair sampling is still required when represent- 
ing the population with a data set from a 100% detector. 
Thus fair sampling loophole can not be closed, unless one 
is not doing a statistical experiment. 

The fair sampling loophole originates from the statis- 
tical nature of Bell’s inequality, which intends to test the 
local realism/entanglement hypothesis, whereas the un- 
derlying physics concept of entanglement (i.e. the subject 
to be tested) is specified with certainty. There has been 
extensive interest in studying Bell’s inequality, as many 
experiments collected batches of data and computed the 
correlations after the test runs, though they do not at- 
tempt to directly test the concept of entanglement /local 
real model, i.e. to observe in real time whether change 
on one side has impact on the other side. 

But the real fundamental question is about the physi- 
cal essence of entanglement. If one could directly observe 
the spooky action at a distance, it would be a conclusive 
support of entanglement, which would leave test of Bell’s 
inequality (by computing correlations after the happen- 


ing moment of entanglement) superfluous. On the other 
hand, if an experiment has many aspects manifesting lo- 
cal realism (the opposite to entanglement), simple viola- 
tion of Bell’s inequality may not be effective. 

As existing work show, transition of wave function 
from odd parity to even parity suggests that spin on one 
side can be independently changed without impact on the 
other side; operations of rotating spin followed by mea- 
surement disentangle the wave function to be measured; 
and as a basic requirement of representing the entire pop- 
ulation with finite sample in any statistical experiment, 
fair sampling loophole can not be closed. Thus the re- 
ported experiments are more of a proof of local real model 
than evidence of entanglement. 

In fact, what the reported experiments actually test 
includes every involved theory. Aside from entanglement 
and local realism, Bell’s inequality is also a theoretical 
framework, whose practical effectiveness in distinguish- 
ing entanglement from local realism can not be taken for 
granted. In existing experiments intended to test local 
real model, the effectiveness of Bell’s inequality may not 
be exempted from scrutiny. 
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